Natural water has been disinfected using TiO 2 as the fixed catalyst incorporated in a homemade photoreactor, in which the dimensions and the design parameters are representative of devices that are currently employed at larger scale. The catalyst was immobilized on the external surface of a cylinder of frosted glass situated in the longitudinal axis of a tubular glass reactor. Two alternative methods of immobilizing the catalyst on glass were studied: in the first, a commercial titanium oxide powder (Aeroxide V R TiO 2 P25) was mounted on a polymeric support; and in the second, it was applied by sol-gel deposition. Illumination was effected by installing the glass reactor in the irradiation chamber of a solar simulator. Under laboratory conditions, groundwater contaminated with cultured and wild bacteria was treated photocatalytically, and the influence of the photolysis, the pumping, and the catalysts was studied. The results obtained have demonstrated that the catalyst immobilized in the interior of the photoreactor presents similar results, in the disinfection of E. coli, as 0.5 g/l of TiO 2 P25; and that, in 1.5 h approximately of simulated solar illumination (167 kW UVA s/m 2 ) on the sol-gel deposit of TiO 2 , it is possible to eliminate 100% of the bacteria covered by international regulations in respect of water for human consumption. With regard to the aging assay of the system, it was observed at 250 h of operation a reduction in the effectiveness of the disinfection process. At 0 and 250 h of operation, the percentages of elimination of E. coli after 50 min of illumination were 100% and 99.5%, respectively. This reduction in the effectiveness of the process was due to the formation of a film of calcium carbonate adhering to the internal glass wall of the photoreactor, which is in contact with the liquid being treated, and to the presence of calcium carbonate precipitates on catalyst surface.
Introduction
One of the biggest problems with drinking water in the developing countries is microbiological contamination. According to estimates made by the World Health Organization [1] there are 1.1 Â 10 9 people in the world without access to water of drinking quality. This leads to around 2.2 Â 10 6 deaths per year from diarrhoea, most of these children less than 5 years old. The traditional methods of disinfection (ozonization and ultraviolet radiation using lamps) are not applicable given their relatively high costs of initial installation and on-going operation [2] . In the case of chlorination, the treatment produces adverse changes in the taste and smell of the drinking water [3] ; it is not effective in killing resistant microorganisms such as Cryptosporidium parvum [4] ; and undesirable by-products, trihalomethanes, are generated by the disinfection process [5, 6] . There is, therefore, considerable scientific and health/welfare interest in the development of alternative methods for the disinfection of natural water using low cost technologies that are simple and reliable. Solar photocatalysis with TiO 2 is one of the technologies that may be very useful in small or isolated rural communities when solar illumination can be used. It has the considerable advantage of having a zero operating cost since it uses sunlight; also the photocatalyst (TiO 2 ) can be immobilized in the interior of the reactor and so does not need to be added or applied repeatedly. The basis of the process is that, when TiO 2 is illuminated with radiation of the correct wavelength, that is, of energy higher than the band gap energy of the semiconductor (h > E bg ¼ 3.2 eV in the case of anatase TiO 2 ), valence band holes (h þ vb ) and conduction band electrons (e À cb ) are generated [7] :
The photogenerated valence band holes (h þ vb ) and conduction band electrons (e À cb ) may recombine, and the absorbed energy is liberated in the form of heat; alternatively, they make their separate ways to the surface of the TiO 2 , where both may react with the species adsorbed on the surface of the catalyst, to produce highly oxidative species [8, 9] , i.e., the hydroxyl radical (HO), superoxide anion (O 2 À ), perhydroxyl radical (HOO), and hydrogen peroxide (H 2 O 2 ). Although the mechanism of heterogeneous photocatalysis to produce reactive oxygen species (ROS) is well known, the mechanism of photocatalytic microbial inactivation is not completely understood.
Basically, a microorganism consists of organic compounds, and exposure to ROS generated by photocatalysis results in oxidative damage to its cellular components [10] . It is normally and generally accepted that the OH radicals are the most active ROS for both the oxidation of organic substances and the inactivation of bacteria and virus [9, 11] . However, Kikuchi et al. [8] proposed that the actual lethal agent is H 2 O 2 , thus a cooperative effect with other oxygen species, particularly, in the long-range bactericidal effect. The attack begins on the cell membrane of the microorganisms adsorbed on the catalyst, specifically by the peroxy oxidation of the unsaturated phospholipids [12] , with the subsequent loss of fluidity and increase in ion permeability [13] ; this facilitates the oxidative attack on the internal cellular components and results in cell death [14] . According to Matsunaga et al. [15] , the inhibition of respiratory activity caused by the oxidation of the Coenzyme A is the main cause of the death of the cells. The way photocatalysis TiO 2 /ultraviolet A radiation (UVA) works here stops further bacterial regrowing to disinfection in contrast to UVA light being used alone where the microorganisms may reactivate [11] .
Most of the information available on the possibilities of using solar TiO 2 photocatalysis for disinfection is limited to results in synthetic waters, distilled water, or buffer solutions [16] , with TiO 2 slurries and commercial strains [17] : there have been few studies with strains of wild bacteria [18, 19] . Generally, a reduction in efficiency due to degradation of the catalyst after a prolonged period of use has been reported. This reduced efficiency is the result mainly of the loss of catalyst, the adsorption of byproducts of the reaction and/or of soluble species in the water, with the consequent reduction of the active surface [19] [20] [21] .
The principal objective of this work is to make a systematic study of solar photocatalytic water disinfection with supported TiO 2 . For the experiments in the laboratory, urban wastewater was added to natural water to simulate the characteristics of contaminated drinking water which can be found in areas where there is not enough water supply and sanitation infrastructure. The wild microorganisms selected for monitoring the efficacy of the process are the principal groups of indicator bacteria considered in the regulations covering water for human consumption [22] . Further, since most of the experimental results found described in the bibliography have been obtained during the first hours of operation of the immobilized catalyst [23] , an additional objective has been to study the performance of the system and the structure of the photoreactor during a prolonged period of continuous operation. The dimensions (diameter and thickness of the glass tube, diameter of the catalyst support) and the design parameters (recirculation flow rate, illuminated volume-total volume ratio) of the photoreactor utilized in the experiments, in batch mode, are representative of devices that are currently employed at larger scale [24] . In which, the way to concentrate solar radiation and easily pumped of water is consolidate by using compound parabolic collector reactors having glass tubes connected in line.
Materials and Methods

Assay Water.
The groundwater with which the experiments were performed (Table 1) was taken from the well (Santiscal, 95 m deep) that supplies the population of Arcos de la Frontera (Cádiz, Spain).
Natural water from underground source was used because photocatalytic inactivation of microorganisms in deionized water may significantly differ from that in real water containing various organic and inorganic compounds [25] . It can be observed that the experiments will be done in rigorous conditions since the groundwater characteristics (relatively high values of colour, turbidity, hardness, and solids in suspension) cannot be considered especially suitable for heterogeneous photocatalysis.
To perform the disinfection experiments, the groundwater was inoculated, in function of the particular assay, with the commercial strain of Escherichia coli ATCC V R 11229 TM supplied by LGC Standards (American Type Culture Collection, Manassas, VA) or else with urban wastewaters obtained from the pretreatment outlet of the urban wastewater treatment plant of Conil de la Frontera (Cádiz, Spain).
In the case of the assays performed with the commercial strain, 0.1% (v/v) of a concentrated solution of Escherichia coli (100 NTU) was added to the groundwater to produce an assay water with an initial concentration of the order of 10 7 CFU/100 ml. To prepare the mother solution, 1 ml of the Escherichia coli ATTC V R 1229 strain was inoculated in 30 ml of tryptic soy broth (TSB) (Scharlab S.L. Barcelona, Spain) and incubated at 37 6 1 C in constant agitation and aerobic conditions for 12 h. Then, 1 ml of this culture was added to 30 ml of fresh TSB Broth and incubated in agitation for 4 h at 37 6 1 C to obtain the culture in exponential growth phase. Next, the suspension was centrifuged at 3000 rpm for 10 min and was washed twice with saline solution (NaCl 0.9%), after which the centrifugation was repeated. Lastly, the new pellet with bacteria in suspension was diluted in 100 ml of sterile water, and a bacterial concentration of 10 10 CFU/100 ml was obtained [26] . In the rest of the assays, 0.2% (v/v) of urban wastewater (Table  1 ) was added to the groundwater. Consequently, the disinfection process was studied in a mixture of many different microorganisms and in the presence of not only organic contaminants, whose presence is known to have a negative effect on photocatalytic disinfection [25] , but also other interfering substances. These assays were performed by determining indicator microorganisms (total coliform bacteria, Escherichia coli, intestinal enterococci and Clostridium perfringens) included in the regulations relating the quality of water for human consumption [22] .
Experimental
Device. The experimental setup for the photocatalytic reactions is represented in Fig. 1 .
The experimental device employed in the assays consists of a tubular reactor of borosilicate glass, 200 mm long, 44 mm diameter, and 1.6 mm thick, operating in a closed recirculating circuit driven by a peristaltic pump (Percon N-M, JP Selecta), with a 600 ml stirred reservoir tank of Pyrex glass. The catalyst, TiO 2 , is immobilized on the external surface of a cylinder of frosted glass (30 mm external diameter and 250 mm length) situated in the longitudinal axis of the glass reactor, which has a useful volume of 97 ml. Experiments have been carried out using a total working volume of 440 ml and a recirculation flow rate of 600 (ml/min), which gives a residence time in the irradiated photoreactor of 9.7 s. Illumination was carried out by introducing the glass reactor into the irradiation chamber of Suntest CPS þ (Atlas Material Testing Technology LLC) equipped with a xenon lamp (Atlas Xe 1500 B.-56001794 E2) with wavelenght in the range 290-400 nm accounting for 5-7% of total light emitted. As well as being already equipped with the optical filter "coated quartz glass," the solar simulator also used an additional filter known as "UV special glass (Ref. 56052371, Atlas)" in order to filter the excess of radiation UVC and achieve the simulation of solar global radiation outdors (daylight). The values for total and UVA irradiance in the irradiation chamber were 500 W/m 2 , corresponding [27] to 50% full solar irradiance (light intensity of the midday equatorial solar radiation) and 30 W UVA /m 2 (320-400 nm, UV light meter PCE-UV34, PCE Group), respectively.
Data have been expressed to represent illumination time, t, which is defined as the amount of time each fluid element spends in the illuminated portion of the Pyrex photoreactor. Illumination time (t) is calculated by the quotient (V illum t exp )/V total , where V illum is the illuminated volume of the photoreactor (97 ml), V total is the total volume (440 ml), and t exp is the real experimental time.
2.3
The TiO 2 Catalyst. The catalyst employed was Aeroxide V R TiO 2 P25, supplied free of charge by Evonik Degussa Corporation-Aerosil (Frankfurt, Germany). The product, of 99.5% of purity, has an approximate composition of 82% anatase and 18% rutile, a specific surface area of 50 m 2 /g, a mean particle size of 21 nm and a pH zero point of charge around 5.5.
To immobilize the titanium dioxide on the cylindrical support of frosted glass (/ ¼ 30 mm) two different procedures were followed: polymeric support and deposition by sol-gel on glass. The aim was to utilize simple and accessible materials and equipment. For the fixing of the TiO 2 by means of polymeric support, a solution was prepared comprising TiO 2 in powder (Aeroxide V R TiO 2 P25) and expanded polystyrene from packaging 1:5 w/w in ethyl acetate (99.7%, Merck KGaA) at 12% (weight/volume); this was then applied using a spray gun onto a polypropylene/polyethylene (PP/PE) membrane, with a ratio Vsprayed/Area of PP/PE membrane of about 1/15 ml cm
À2
. Once the film applied on the PP/PE membrane was dry, the membrane was wrapped around the glass cylinder (30 mm E.D.) with Teflon tape to the tube ends. The solgel deposition was carried under an extractor hood by manual dipcoating (3 cycles of 30 s in, 30 s out) of the frosted glass cylinder, previously heated to 60 C, in a 30/70 (vol/vol) mixture of titanium (IV) isopropoxide (97%, Sigma-Aldrich, Inc.) and Isopropanol (99.9%, Merck KGaA). The uncontrolled hydrolysis was carried out using atmospheric moisture (temperature 24 C, relative humidity 75%). Coatings were dried at 60 C for 10 h and then calcined at 350 C for 5 h. The oven temperature was raised to the desired temperature at a heating rate of 5 C min
À1
. Once both supports had been prepared, they were immersed in an ultrasound bath to remove any titanium dioxide that was only weakly fixed or deposited.
Analytical Methods.
The membrane filtration method was employed for the detection of all the microorganisms studied; each sample was analyzed in triplicate or quadruplicate and the value assigned meet the requirement of a coefficient of variation (CV) of less than 30%; the results were expressed as CFU/100 ml. All the material and the solutions were sterilized before the analysis. In the initial moments of each assay serial dilutions of the samples were performed. The assays finished when the result of filtering 20 ml of sample was below the limit of detection (2 CFU/ 100 ml). A chromogenic medium, Colinstant (Scharlab), based on the detection of two enzymatic activities, b-D-Glucoronidase and b-D-Galactosidase, was utilised for the detection and quantification of the total coliform bacteria and Escherichia coli. The plates were incubated at 37 C for 24 before counting. The ISO 7899-2:2000 method of membrane filtration [28] , which employs Slanetz Bartley medium (Scharlab), was used in the detection and counting of the intestinal enterococci; the method utilized to determine the Clostridium perfringens was that described in Directive 98/2083/CE [29] : incubation in anaerobiosis in m-CP medium (Scharlab) for 24 h at 44.0 C and subsequent confirmation of the colonies grown on the membrane with vapours of NH 4 OH.
The pH and temperature were measured using a portable Crison 507 pH meter (Crison Instruments, S.A.), and dissolved oxygen using a Crison OXI 45 P oxymeter (Crison Instruments, S.A). For the physicochemical characterization of the groundwater and the urban wastewater employed in the assays, standard methods (APHA-AWWA-WPCF, 1992) were applied. The analysis of the metals was performed after filtering the samples (0.45 lm) and acidifying them (pH 2) by means of inductively-coupled plasma atomic absorption spectroscopy, ICP-AAS (Iris Intrepid, Thermo Fisher Scientific, Inc). Scanning electron microscopic (SEM) analysis was performed with a FEI Quanta 200 SEM Microscope equipped with an EDAX Genesis for energy dispersive X-ray microanalyses (EDX). Scanning transmission electron microscopy (STEM) analysis was performed with a JEOL 2010 F STEM Microscope equipped with a high angle angular dark field (HAADF) detector and INCA Link equipment for microanalysis. X-ray diffraction (XRD) patterns were obtained using a Bruker D8Advance diffractometer with a secondary monochromator of graphite and with a Cu K a radiation. To determine the parameters of the specific surfaces, the BET method was used in an automatic analyser (Micromeritics ASAP 2020 model) which works using the ASAP 2020 software.
Results and Discussion
Experiments with the commercial strain of Escherichia coli ATCC V R 11229 TM (Sec. 3.1) and with microorganism from urban wastewaters (Sec. 3.2) were done by duplicate and each sample was analyzed in triplicate to determine the concentration of microorganisms studied. The results shown in the aging assay (Sec. 3.3) are the result of one experimental run and each sample was analyzed in quadruplicates. Figure 2 shows the results of the disinfection assays performed on groundwater inoculated with the commercial strain. The objective of this series of experiments was to determine the disinfection performance of the device under various conditions: in darkness with and without pumping; irradiating without catalyst; and applying the solar heterogeneous photocatalysis with TiO 2 in suspension, and with TiO 2 immobilised in the two different-ways described-by sol-gel deposition and by polymeric support.
It was observed that, in the experiment conducted in darkness, with and without recirculation pumping and in absence of the catalyst (TiO 2 ), the number of colonies remains approximately constant; this is indicative of the viability of the strain of E. coli employed in the research.
When it is illuminated with simulated solar radiation in the absence of catalyst, the elimination of 99.5% of the microorganisms in 53 min (95.2 kW UVA s/m 2 ) is detected; the concentration decreases from 1.6 10 7 to 8.7 10 4 CFU/100 ml, due to the joint action of the bactericidal effect of the UVA radiation present in the artificial sunlight employed and of the mechanical stress caused by the recirculation pumping. These disinfection percentages obtained employing only solar radiation are similar than those found by Ubomba-Jaswa et al. [30] ; in compatible conditions (recirculating batch, 10 8 CFU/100 ml of E. coli K-12 in well-water using a compound parabolic collector with a concentration factor of 1), these authors calculated a value of UVA dose necessary to achieve 99.9% disinfection of >108 kW UVA s/m 2 .
Despite the high percentage of disinfection observed, the result cannot be considered satisfactory since the final concentration of microorganisms exceeds that stipulated in the regulations for drinking water, 0 CFU/100 ml [22] ; moreover, it has been demonstrated that, when the disinfection is carried out by solar radiation only (photolysis), the microorganisms are later reactivated [31] .
The best results are obtained employing the catalyst, 0.5 g/l of TiO 2 in suspension, a concentration within the range considered ideal [14] . In these conditions, the 100% elimination of E. coli is obtained in 53 min. (95.2 kW UVA s/m 2 ), its concentration decreasing from 3.8 10 6 to 0 CFU/100 ml. These results are similar to those obtained by Rincón and Pulgarín [25] ; these authors experimented in Pyrex glass bottles (50 ml) with drinking water (Suntest CPS þ irradiation chamber, 400 W/m 2 ) and obtained a 99.9% elimination of E. coli K12 (initial concentration 10 7 CFU/100 ml) in 45 min with 0.5 g/l TiO 2 P25. Despite the good results, this option had to be discounted because the TiO 2 in powder needs to be removed from the water prior to consumption; also the results were considered to represent the maximum degree of efficacy that can be achieved with the catalyst immobilised.
Comparing the results obtained with the catalyst in suspension and immobilised, the same result was obtained with all these after 53 min, CFU/100 ml < detection limit (2 CFU/100 ml), although a slightly faster rate of removal was observed with the catalyst in suspension. Therefore, to obtain a 5-log decrease of E. coli ATCC ). The sol-gel deposition was selected, from the two ways studied of immobilizing the catalyst; the three reasons for this preference are the simplicity of the fixing procedure, the total absence of substances originating from the support released to the water (which might occur in the case of the polymeric support), and its mechanical resistance to the flow of water. Supported material presents a good adhesion to the glass substrate, which is very important for long term applications.
Experiments With Microorganism From Urban
Wastewaters: Effectiveness of the Treatment for Regulated Bacteria. These assays were performed employing groundwater contaminated with urban wastewater, and their objective was to determine the performance in the elimination of the various microorganisms regulated under the standards, in the presence of interfering substances such as organic matter, the negative effect of which has been demonstrated [32] . The initial concentrations of each group of microorganisms were: 5.5 10 5 CFU/100 ml for total Coliforms; 3.3 10 4 CFU/100 ml for E. coli; 3.7 10 3 CFU/100 ml for Intestinal enterococci; and 2.1 10 3 CFU/100 ml for Clostridium perfringens. Figure 3 presents the results obtained, for the various bacteria studied, using immobilized titanium dioxide by sol-gel deposition.
First it is observed that, in the control assays, conducted in darkness, without agitation and in absence of the catalyst (TiO 2 ), the concentration of all the microorganisms studied in total remains approximately constant, which is an indicative of the good state of the microorganisms.
With respect to the evolution of the concentration of Escherichia coli, the elimination of 100%, 0 CFU/100 ml, is observed in 53 min; this is equivalent to a cumulative ultraviolet dose of TM in groundwater, which shows that the presence of small quantities of interfering substances in natural water to be disinfected, will not affect nor stop execution of the process.
These values for the time of illumination and the cumulative UVA dose needed to reach the value of CFU/100 ml below the detection limit (D.L.) are higher (79 min and 142.9 kW UVA s/m 2 ) for total coliform bacteria and intestinal enterococci, which are initially present at concentrations one order of magnitude higher and lower, respectively, than the initial concentration of E. coli.
The results for total disinfection obtained in the current investigation (500 W/m 2 ) for E. coli (53 min, 441 Wh/m 2 ) and total coliforms (79 min, 655 Wh/m 2 ) differ from those reported by Gelover et al. [23] , who found that, on a sunny day (irradiance of more than 1000 W/m 2 ), it took only 15 min (250 Wh/m 2 ) and 30 min (500 Wh/m 2 ) of irradiation to inactivate E. coli and total coliforms, respectively, applying disinfection with immobilized TiO 2 . The difference in results could be explained mainly because in our essays, the disinfection team works in recirculating batches (interrupted solar dose), to simulate a centralised disinfection facility for a small comunnity, whereas Gelover et al.'s essays, [23] were undertaken in 2 l polyethylene terephthalate (PET) bottles (uninterrupted solar dose) to address the problem of disinfection in an individual level (2 l capacity). It is a proven fact that the speed of disinfection is higher when the solar radiation is delivered in an uninterrupted manner [30] . Also, the higher initial concentration of microorganisms employed in our study (2 orders of magnitude higher) may explain this difference; the reason is that a longer time is required for bacterial inactivation when the initial concentration of bacteria is higher [33] .
Lastly, the bacteria found to be most resistant to the process of disinfection was Clostridium perfringens, for which 93 min (167 kW UVA s/m 2 ) were needed to eliminate a concentration 1 order of magnitude less than that of E. coli. Less effectiveness of the treatment to inactive C. perfringens is caused by its ability to form and create spores which make them much stronger due to the fact that they can prevent permeability created by the aforementioned treatment [34] .
As can be appreciated from the data reported here, 93 min of illumination are needed in order to comply with the requirement set in the regulations covering water for human consumption, of 0 CFU/100 ml for each of the microorganisms studied [22] ; this time of illumination is equivalent to a cumulative UVA dose and overall dose of 167 kW UVA s/m 2 and 2783 kWs/m 2 , respectively. Disinfection rate constants were calculated based on first-order kinetic model in which -ln (C Á C 0 À1 ) was plotted as a function of illumination time; the slope of the line was the k, the first-order inactivation rate constant. t 90 is defined as the illumination time for bacterial concentration to decrease by 90% and it is given by -(ln 0,1)/k. Dose 90 is the irradiation dose required for the bacterial concentration to decrease by 90% and it is the product of irradiance (500 kW/m 2 or 30 kW UVA /m 2 ) and illumination time (s). The choice of first order reaction kinetics is based on the simplicity of this model and for being the most accurate one in terms of experimental results. Additionally, it is one of the most used and widely recognised model in the photocatalytic disinfection field [35, 36] . Table 2 gives the values of the first order kinetic constant for each of the experiments performed with groundwater contaminated with urban wastewater, together with the time and dose necessary to achieve 90% disinfection.
The values presented in the above table corroborate the finding that the process described here is more effective, notably for E. coli, but also for total coliform bacteria, intestinal enterococci and C. perfringens, in that order. In other words, the kinetic constant is higher; shorter times are required to achieve 90% disinfection; and the UVA dose required to achieve that result is lower. These findings are in accordance with the previously reported results [32] regarding the greater suceptibility of E. coli to photocatalytic treatment, in comparison with the Enterococcus species; and, as this study has shown, the susceptibility of E. coli to this treatment is considerably greater than that of C. perfringens.
In all these experiments, with both the commercial strain and bacteria originating from urban wastewaters, the initial temperature of the assay water was 25 C, and after 30 min. it reached 34 6 1 C; these values coincide with those reported in other studies [25] . The pH at all times remained at 7.5 6 0.2; this range is adequate for the development of the microorganisms, and the effectiveness of the process was not found to be altered within this range [25] . The concentration of oxygen, on average, dropped from 8.74 mg O 2 /l initially, to 7.02 mg O 2 /l at the end of the experiment; this drop can be attributed to the increase of temperature of assay water, since the saturation at all times was 100%; it can be deduced from this that the agitation at the mixing unit compensates for the consumption of oxygen by the microorganisms and by the photochemical reaction itself.
Test of the Operating
Life of the System. With the object of determining the period of time for which the disinfection equipment can be used without requiring maintenance, the equipment was operated continuously for 400 h at 30 W UVA /m 2 . This time would be equivalent in real conditions to 2 months disinfecting natural waters every day with the solar plant operated in the tested conditions (1.5 h of illumination time, or 6.8 h of real time considering a quotient V illum /V total ¼ 0.22, is required diary to eliminate 100% of the microorganisms at 30 W UVA /m 2 ). The water used in this operating life test was the same water as that employed in the first experiments, urban waste water diluted with groundwater (Table 3) . To assure that the microorganisms used in Table 2 the aging investigation were in perfect conditions, residual water from the effluent of the wastewater treatment plant were taken daily to be used as inoculum, which explains the variety of results shown on Table 3 below. This would be a rigorous test since its characteristics (relatively high values of colour, turbidity, hardness, and solids in suspension) cannot be considered especially suitable for heterogeneous photocatalysis.
It can be observed ( Table 3) that there are differences in the characteristics of the water tested, which must be due to the variability of the urban wastewaters that were added daily to the groundwater, since they were taken from the wastewater treatment plant the same day that they were added. Figure 4 shows the results obtained in the aging assay.
In the first place, it can be observed that when the equipment was utilized for the first time (neither the glass of the photoreactor nor the film of TiO 2 had previously been in contact with the water to be disinfected) 10 min of illumination was required to eliminate 99.2% of the E. coli present; 50 min of illumination was required to reach 100% elimination. The process continued with this level of performance unchanged until the equipment reached 150 h of continuous operation; from that time until the completion of 350 h of operation there was a decline in effectiveness. At 250 h of operation, the percentages of elimination of E. coli after 10 and 50 min of illumination were 92.2 and 99.5%, respectively, but at 350 h the percentages were 87.4 and 99.5%.
This reduction in the effectiveness of the process may be due to the formation, clearly observable to the eye, of a whitish film adhering to the internal glass wall of the photoreactor, which is in contact with the liquid being treated. Figure 5 (a) is a micrograph obtained by SEM of the material deposited, after the glass has been scratched, and supported on an adhesive strip of graphite. Examination by EDX of the elemental composition of the material deposited, Fig. 5(b) , showed an atomic Ca/O proportion of 1.00/2.97, which confirmed the existence of a film of calcium carbonate on the glass of the photoreactor.
It is probable that this film of calcium carbonate is the cause of reduced radiation, quantified at 17% less (by Quantitherm Light Meter, Hansatech), reaching the interior of the photoreactor; this would account for the observed decrease of the efficacy of the disinfection process. To check this assumption, after 399 h of operation in the test of operating life, the glass of the photoreactor was replaced by another clean glass with identical characteristics. After this replacement, the results that are shown for 400 h of operation, in Fig. 4 , were obtained: there was an almost total recovery of the effectiveness of the process, to 99.1 and 99.9% disinfection at 10 and 50 min of illumination, respectively. Despite this, it was considered useful to study the formation of deposits on the film of TiO 2 with the object of weighting the contribution of this factor to the problem of decreasing efficacy of disinfection with prolonged time of operation. Figure 6 shows the results of the EDX analysis by SEM of the clean frosted glass (support of the catalyst) and of this same support once the TiO 2 has been fixed by deposition using the sol-gel procedure, before the test. The irregular aspect presented by the frosted glass surface employed as the support for the TiO 2 , and the presence of clearly defined angle edges, can be observed in Fig. 6(a) . These features are the result of mechanically altering the surface of the glass in the grinding process, with the object of generating increased surface area to which the layer of catalyst is applied. Figure 6(b) shows the general spectrum of the frosted glass support before applying the sol-gel deposition of the TiO 2 ; a typical composition of glass, silicates, and the presence of minor components such as sodium and aluminium, are observed. Figure 6 (c) shows the sol-gel deposition of the TiO 2 on glass surface before the operating life test is performed. The presence of an extensive network of fused crystallites of TiO 2 is observed, with the presence of irregular-shaped titania aggregates arranged scattered over the surface or incorporated within the film. The most distinctive irregular-shaped titania aggregates have a diameter between 0.2 y 0.5 lm and are capable of forming much bigger particles with heterogeneous distribution (Leica Quantimet 500. Leica, Hamburg, Germany).
The existence of this film of TiO 2 is confirmed by smoother appearance presented by the angle edges in Fig. 6(c) , compared with the sharper aspect they present in Fig. 6(a) , and by the elemental composition by EDX performed at different points on the surface, which showed the presence of titanium at all the points. The EDX analysis showed the following atomic percentage ratios for Ti/Si: 0.025 for the overall surface of the catalyst; 0.018 in the film of TiO 2 , at those points where the aggregates are not observed; 0.029 where the aggregates of titanium are observed incorporated in the film; and 0.051 where the aggregates of titanium are disseminated on the film surface.
The structure of the extensive network of fused crystallites can be observed in greater detail in the micrograph shown as Fig. 7(a) , obtained by STEM of a fragment of the TiO 2 deposited on the surface of the catalyst; here the continuity of the crystals and the existence of zones of varying thickness can be observed. Figure 7 (b) is the diffractogram (XRD) of the TiO 2 deposited on the surface of the catalyst, which showed the presence of anatase only, anatase is the metastable crystal form of TiO 2 expected to be formed after sintering at 350 C and normal pressure. The diffractograms display a prominent peak due to the anatase (101) reflections, as well as small peaks assigned to anatase (004), (200), (105), (211) and (204) [37] . The crystalline domain was estimated for each sample from the full width at a half maximum (FWHM) of (101) peak from ScherrerÇ s equation, D ¼ 0.9 k/b cos h, with k ¼ 1.540598 Å the X-ray wavelength of the CuKa radiation, h the diffraction angle, and b the FWHM of the diffraction peak. A crystalline grain size of 25 nm was calculated. Grain domains are also presented in Fig. 7(a) , which are part of the film presented in Fig. 6(c) .
In Fig. 8(a) , showing the surface of the catalyst after the aging assay, it can be observed the presence of precipitates on its surface; these could be responsible, in the long term (>400 h), for the loss of effectiveness in the disinfection process. These precipitates occupy approximately 13.42% of the surface of the support (Leica QM500) and the mean particle size ranges from 2 to 30 lm. EDX analysis of this surface (Fig. 8(b) ) showed its elemental composition of Ca/O/C to be in the proportion: 1.00/3.24/9.96; the same Ca/O ratio as on the internal surface of the photoreactor. This is compatible with the presence of CaCO 3 and with the existence of carbonated remains of the process of oxidation of the microorganisms and of the organic matter present in the assay water.
These results demonstrate that the presence of precipitates of calcium carbonate on the internal wall of the photoreactor and on the catalyst is the principal factor involved in the aging of the disinfection equipment. A way or suggestion to get rid of these precipitates of calcium carbonate is the thorough cleaning of the photoreactor using an acid dissolution made from the juice of specific fruits which contain citric acid. In fact, citric acid dissolutions are used (1-2% w) to eliminate calcium carbonate fouling in industrial applications [38] , hence specific fruits can be used as their juices contain high concentration of citric acid [39] . Nevertheless, after 400 h of operation, not evidence of the catalysis leaking in the solution has been observed, ensuring the well use of the catalyst for long periods at rural areas, characterized for the lack of technical facilities.
Conclusions
The results obtained at laboratory scale have demonstrated that, in the experimental conditions tested (30 W UVA /m 2 ), it is possible to eliminate 100% of the bacteria covered by international regulations in respect of water for human consumption, in approximately 1.5 h of solar illumination, with the catalyst immobilised in the interior of the photoreactor by sol-gel deposit.
The good results obtained on changing the glass of the solar photoreactor, after a prolonged period of continuous operation, indicate the benefits of maintaining the equipment to keep the glass clean. Instead of changing the glass, the most appropriate maintenance would be cleaning with an acid solution, from juice of fruits such as lemon or lime, to remove the film of calcium carbonate that can reduce its performance. In any case, this technology may be of special interest in developing countries since, in addition to its effectiveness, it does not involve consumption of energy or of reagents and therefore no operating costs for these fluid element spends in the illuminated portion of the photoreactor (min) V illum ¼ illuminated volume of the photoreactor (ml) V total ¼ total volume of the experimental device (photoreactor, tubes and mixing tank) (ml) b ¼ the full width at half maximum (FWHM) of the diffraction peak / ¼ diameter (mm) k ¼ radiation wavelength (nm). The Scherrer formula: the X-ray wavelength of the CuKa radiation (Å ) h ¼ the diffraction angle (rad)
